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The aim of this study was to deﬁne the mechanism allowing the green alga Coccomyxa subellipsoidea to break
down organophosphates from agricultural run-oﬀ. This study found that metabolically active cultures of the
microalga C. subellipsoidea breakdown organophosphates (paraoxon, malathion and diazinon) with diﬀering
structural conformations in freshwater through a mechanism that requires the formation of reactive oxygen
species (ROS) with little to no toxic eﬀects on the algae. Under these conditions, organophosphate levels were
reduced to 0.1 mg/mL or less over the 8–10 day experimental period. These ﬁndings demonstrate a biologicalbased system can be tailored for the remediation of organophosphates from agricultural run-oﬀ in waterways for
long-term sustainability that also includes bioproduct development from the algal biomass. These ﬁnding are
expected to have signiﬁcant impacts using this biological based technology for the remediation of organophosphates in water for downstream applications.

1. Introduction
Given their broad availability and relatively low cost, organophosphates are commonly used to mitigate or prevent insect-driven crop
damage. These synthetic insecticides function by blocking the activity
of acetylcholinesterase, which catalyzes the breakdown of acetylcholine, resulting in disruption of neurotransmission. Given their ability to
disrupt normal neurotransmission, these compounds can be deadly to
animals and humans, especially in instances following acute exposure
(Antonijevic and Stojiljkovic, 2007). The application and disposal
guidelines of organophosphates are poorly regulated, particularly in
developing countries where they contaminate soil and water thus presenting a major human health concern (Poolpak et al., 2008). These
compounds can be broken down by a family of enzymes, the phosphotriesterases, normally found in soil bacteria (Ghanem and Raushel,
2005) but their activities are rather limited as the eﬃciency of these
enzymes is dependent on chirality and the extent of branching of different organophosphate compounds (Tsai et al., 2010). This restriction
is likely due to the inability of diﬀerent organophosphate compounds to
bind in the active site of the enzyme in the proper orientation to facilitate hydrolysis (Aubert et al., 2004). Organophosphate insecticides

remain readily detectable in the environment (soil and water) months
after application suggesting degradation by a bacterial enzyme-driven
mechanism lacks eﬃciency (Fenner et al., 2013).
The over application and resulting sustained high concentrations of
organophosphates in the soil and ground water are at the core of the
environmental impacts associated with their toxicity. It is estimated
that over 1 billion pounds of these pesticide are used annually in the
U.S. with upwards of 6 billion pounds applied world-wide (Pimentel
and Burgess, 2014). The substantial amounts of organophosphates applied leads to high probabilities of oﬀ-target eﬀects to both animals and
humans. An estimated 3 million people are exposed to high levels of
organophosphate resulting in > 300,000 deaths each year (Goel and
Aggarwal, 2007). Acute exposure in the U.S. is estimated at approximately 8000 cases per year with chronic exposure occurring through
the consumption of fresh fruit and vegetables and/or drinking contaminated water (Curl Cynthia et al., 2003). While the eﬀects of acute
toxicity can result in death, chronic exposure often presents with
mental or motor skill deﬁciencies, migraines, depression, blindness, and
even cancer in children and young adults (Eddleston et al., 2008). Over
application of organophosphate also contributes to the decline of pollinators, including bees, due to unintentional exposure to pollen of
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Fig. 1. Chemical structures of organophosphate pesticides and mechanism of breakdown. A. Structures of organophosphate pesticides, paraoxon, malathion and
diazinon, used in this study. B. Paraoxon hydrolysis to generate p-nitrophenol. C. Mechanism by which organophosphates can be hydrolyzed by the attack of ROS.

biological based remediation system for environmental organophosphates could be developed using eukaryotic green algae.

treated crops (Chaimanee et al., 2016). Due to their persistence in the
environment, organophosphates can be channeled through the food
chain from insects and ﬁsh to apex predators (Strobel et al., 2018).
Coccomyxa subellipsoidea is a single cellular phototrophic eukaryotic
algae native to polar regions, and of interest in biotechnology applications due to its ability to thrive in temperate climates and accumulate
large quantities of neutral lipids (Allen et al., 2015). Our initial studies
demonstrated this alga was capable of taking up paraoxon, a common
organophosphate pesticide that is widely used in the agriculture industry. After 72 h in culture, the media becomes yellow consistent with
the breakdown of paraoxon to form p-nitrophenol suggesting catalyzed
degradation through a cell-dependent mechanism. This could suggest
the mechanism of degradation involved an endogenous phosphotriesterase by a basic hydrolysis mechanism (Fig. 1).
In response to the negative environmental impacts, a number studies have been completed addressing the accumulation and persistence
of organophosphates in soil and water (Parimi et al., 2006). These
compounds present serious environmental hazards as a consequence of
continued over application coupled with environmental persistence.
While food security, especially in developing countries is an important
consideration, there must be a balance in the use of organophosphates
considering crop production weighted against animal and human
health concerns. Chronic exposure to these compounds can result in
symptoms that include depression, headaches, and chronic pain. While
many municipalities across the country take measures to remove organophosphates from drinking water streams, the methods used lacked
eﬃciency and are expensive (Kamel et al., 2009). To this end, there is
an immediate need to develop technologies that can remediate these
compounds before they make their way into the ground water and
municipal water systems. Organophosphates can be hydrolyzed
through a nucleophilic reaction that requires reactive oxygen species
(ROS) (Ely et al., 2012). Given that photosynthetic organisms produce a
number of diﬀerent reactive oxygen species, it seemed reasonable that a

2. Materials and methods
2.1. Culturing Coccomyxa subellipsoidea
C. subellipsoidea C-169 was cultured in Bold's Basal Medium (BBM)
made using water puriﬁed using Millipore reverse osmosis system.
Cultures were grown in 25 ml Erlenmeyer ﬂasks or in 20 ml test tubes
as stated in the assay methods in a warm room at 25 °C under
170 μmol/m2/s white light on a gyratory shaker.
2.2. Assessment of paraoxon and p-nitrophenol in BBM media
Assessment of paraoxon and p-nitrophenol concentrations in cultures was performed by centrifugation at 13,000 ×g followed by
measuring absorbance at 280 nm (paraoxon) and 408 nm (p-nitrophenol) using a ThermoScientiﬁc Biomate 6 spectrophotometer
(U.S.). Cultures were paired to insure comparable cell growth was
consistent between test and control groups.
2.3. Organophosphate degradation over time
C. subellipsoidea cultures were grown in 250 ml Erlenmeyer ﬂasks
containing BBM media at 25 °C as noted above until stationary with a
ﬁnal optical density of about 1.3. In test groups, these cultures (1 ml)
were used to inoculate paired ﬂasks (controls devoid of algae) to a ﬁnal
volume of 15 mL in BBM with organophosphate added to ﬁnal concentrations (f.c.) (0.17 mg/ml, f.c., for paraoxon; 0.15 mg/ml, f.c., for
malathion and diazinon). The ﬂasks were sealed with breathable tops
and grown for 10 days at 25 °C as detailed above. Samples were taken
every 2 days, and evaporated before extraction.
2

Bioresource Technology Reports 11 (2020) 100461

T.J. Nicodemus, et al.

concentration of 20 mg/mL and paraoxon were added to all tubes. Both
control and experimental groups were maintained in the dark (wrapped
in foil). Both groups were placed in front of white light at 170 μmol/
m2/s for 12 h. Samples were taken, clariﬁed by centrifugation, and
absorbance read at 408 nm to detect the formation of p-nitrophenol.
After Treatment with DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea)
– 100 μg of DCMU was were added to the experimental group. Paraoxon
was added to both experimental and control groups, which were placed
in front of a white light at 170 μmol/m2/s for 12 h. Samples were taken,
clariﬁed by centrifugation, and absorbance read at 408 nm to detect the
formation of p-nitrophenol.
After Treatment with DCMU and NAC (N-acetylcysteine) – 100 μg of
DCMU and 100 μg of NAC were added to the experimental groups.
Paraoxon was added to both experimental and control groups, which
were placed in front of a grow light at 170 μmol/m2/s white light for
12 h. Samples were taken, clariﬁed by centrifugation, and absorbance
read at 408 nm to detect the formation of p-nitrophenol.

2.4. Gas chromatography–mass spectrometry (GC–MS) analysis of
organophosphates
Organophosphates were extracted from the dried samples by liquidliquid extraction following resuspension in 50 μl of Millipore water and
300 μl of chloroform and vortexed for 60s before organic layers were
isolated for analysis. Samples were analyzed using an Agilent 6890
GC–MS (U.S.) equipped with a 5973 detector and an Agilent DB-5
30 m × 0.250 mm column (U.S.). Injection volumes for all sample we
1 μl. The initial temperature of 100 °C was held for 4 min and then
ramped to 200 °C at 5 °C/min. This was followed by a second ramp to
300 °C at 10 °C/min at which time the temperature was held at 300 °C
for 10 min. All data were quantiﬁed using a standard curve based on
commercial standards (Paraoxon, Malathion, Manufacturer: Crescent
Chemical Co. Inc. and Diazinon, Manufacturer: Sigma-Aldrich).
2.5. In vitro singlet oxygen degradation assay
In vitro singlet oxygen degradation of organophosphates was performed by adding paraoxon to 0.51 mg/mL (f.c.) in a total aqueous
volume of 5 mL. Rose Bengal (1 μl) was added, agitated and incubated
5 min at room temperature. Degradation of paraoxon was measured by
tracking absorbance at 280 nm and 480 nm corresponding to paraoxon
and p-nitrophenol respectively.

2.7. In vitro ROS-dependent degradation of paraoxon
In a 10 ml test tube 1 ml of BBM was added to 2.54 mg of paraoxon.
Tubes were then treated with peroxide (100 μl/ml), ferrous sulfate (1
granule), or Rose Bengal (0.5 μl) to generate peroxide, hydroxyl radicals, and Rose Bengal respectively. After 5 min samples were then
lyophilized, extracted in 300 μl of chloroform and 50 μl of water, and
analyzed by GCMS analysis. Paraoxon was quantiﬁed by generating a
standard curve through serial dilution of 2.54 mg of paraoxon per a
milliliter.

2.6. Paraoxon degradation
C. subellipsoidea was cultured until a stationary phase as noted
above and diluted 1:5 in BBM in 10 mL tubes. Paraoxon was used in all
experiments at a ﬁnal concentration of 0.51 mg/mL. Samples were
treated as detailed below and at various time points, clariﬁed by centrifugation (15,000 ×g) and supernatants analyzed for paraoxon or for
p-nitrophenol by absorbance at 280 nm and 408 nm respectively.
Heat Treatment at 100 °C – Experimental samples were heated to
100 °C for 10 min, cooled to room temperature; control samples were
not heat-treated and maintained at room temperature. Paraoxon was
added and the experimental and control cultures and incubated for 24 h
and 48 h; 1 ml of cultures at each time point was clariﬁed by centrifugation and paraoxon levels in the supernatant measured by absorbance at 280 mn.
Absence of Light – Experimental group tubes were maintained in the
dark (wrapped in foil) to eliminate photo-stimulation of the
Photosystems; control samples were kept in the light. Both groups were
placed in front white light at 170 μmol/m2/s for 12 h. Samples were
taken, centrifuged and supernatant was then decanted into a 1 ml
cuvette. Absorbance was read at 408 nm to assay the production of pnitrophenol from paraoxon hydrolysis.
Heat Treatment at 100 °C and Absence of Light – Experimental group
tubes were placed in boiling water for 10 min. Once at room temperature 1 μl of paraoxon was added to control and test groups while
maintaining sterile conditions. Test cultures were then wrapped in foil
to completely prevent light penetration and all cultures were allowed to
incubate in front of white light at 170 μmol/m2/s for 12 h at the end of
which 1 mL from each sample was taken, centrifuged, and absorbance
of the supernatant was read at 280 mn.
Following Full Photosystem Oxidation – Experimental samples were
treated at 100 °C for 10 min and cooled to room temperature. One set of
samples was placed in front of a grow light overnight (12 h) and the
control maintained in the dark (12 h). The light-exposed samples were
inspected for the absence of green pigment and then 1 μl of paraoxon
was added to each of the tubes with all foil removed. Following this all
groups were placed in front of white light at 170 μmol/m2/s and allowed to incubate for 12 h. Sample absorbance was read at 480 mn for
the production of p-nitrophenol.
Absence of Light and Treatment with Oligomycin and Rotenone –
Oligomycin and Rotenone were added to experimental groups to a ﬁnal

2.8. ROS production under treatment conditions
In test tubes 4 mL of BBM were added to 1 mL of stationary phase C.
subellipsoidea cultures; samples were treated with NAC, DCMU, NAC
plus DCMU or heat treatment at 100 °C as detailed in previous methods.
200 μl aliquots were dispensed into a 96 well plate, the redox sensitive
dye H2DFFDA was added to a ﬁnal concentration of 10 μM and plates
incubated under limited light condition for 1 h. Final cell density of C.
subellipsoidea was measured at 600 nm and ﬂuorescence H2DFFDA was
measured using an excitation wavelength of 480 nm and read at
520 nm; measurements were taken at time points t = 0, 5 h, 8 h and
12 h post treatment.
3. Results and discussion
3.1. Time course degradation suggests chemical mechanism of degradation
To explore the mode of degradation, time-course experiments were
completed using actively growing cultures of C. subellipsoidea. Paraoxon
was added to a ﬁnal concentration of 0.17 mg/ml and culture supernatants were interrogated for organophosphate breakdown using gas
chromatography–mass spectrometry (GC–MS) every 48 h for 10 days.
Controls lacked C. subellipsoidea and likewise were monitored over the
same 10-day period. One milliliter samples were taken and lyophilized,
remaining material was resuspended in100 μl of ultrapure water and
extracted with chloroform. Levels of paraoxon were quantiﬁed in the
organic phase using GC–MS (Fig. 2A). The data demonstrated paraoxon
was broken down to just above detectable limits (< 0.025 mg/mL) after
6 days coincident with the increased yellow color corresponding to pnitrophenol production. While these data conﬁrmed that C. subellipsoidea was able to degrade paraoxon, the apparent rate of degradation over 10 days, while cell dependent, was inconsistent with an
enzyme catalyzed mechanism of degradation.
Given that paraoxon breakdown was consistent with a cell-dependent process, it was of importance to address whether other organophosphates were also broken down in a comparable manner thus providing important insights addressing mechanism. Malathion and
3
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3.2. Inhibition of Photosystem ll decreases organophosphate hydrolysis
As a next step to determine the mechanism of organophosphate
breakdown, we addressed whether this process was dependent on
photosynthesis requiring a fully functional Photosystem ll. For these
studies, paraoxon was chosen as the experimental organophosphate as
p-nitrophenol production, the product of its hydrolysis, could be easily
measured spectrophotometrically. Following the same experimental
approach as above, paraoxon was added to a ﬁnal concentration of
0.25 mg/ml to actively growing cultures of C. subellipsoidea in the
presence or absence of 3-(3,4-dichlorophenyl)-1,1-dimethylurea
(DCMU), a Photosystem ll inhibitor, for 12 h. The production of p-nitrophenol was decreased nearly two-fold in the presence of DCMU
(Fig. 3A). These data supported the notion that Photosystem ll activity,
perhaps due to increased reactive oxygen species (ROS) production
resulting from ineﬃcient photosynthesis, contributed to paraoxon degradation.
3.3. Induction of catabolic metabolism increases organophosphate
hydrolysis
To ensure that the observed decrease in activity was not due to oﬀtarget eﬀects of DCMU, paired experiments of identical cultures were
set up with both paraoxon and DCMU, one in the light and one in the
dark and the production of p-nitrophenol was monitored after 12 h
(Fig. 3B). These experiments demonstrated there was also increased pnitrophenol production from paraoxon degradation in the dark cultures. This could occur due to a switch from anabolic to catabolic metabolism in the dark, which may result in increased ROS production,
largely derived from the activity of mitochondrial complexes 1 and 4.
Inhibiting Photosystem ll with DCMU, and thus anabolic metabolism,
limits ROS production under high light conditions. Collectively these
data suggested there is likely ROS-dependent hydrolysis of paraoxon by
Photosystem ll as a result of ineﬃcient photosynthesis.

Fig. 2. GC–MS analysis of organophosphate persistence. Quantiﬁcation of peak
abundance using GC–MS of growing cultures of C. subellipsoidea over a 10 day
period in the presence of paraoxon (A), malathion (B), or diazinon (C) extracted
from dried cultures (white bars); the black columns correspond to the amount
of organophosphate extracted from 1 ml of media with no cells over the 12 day
period (black bars); mean ± standard deviation, n = 3. D. Quantitative data of
paraoxon, malathion, and diazinon degradation at 2, 6 and 10 days (mg/ml).
Data shown are the mean of biological replicates ± SD (n = 3).

3.4. Increasing Photosystem ll ROS production increases organophosphate
hydrolysis
The light dependence of paraoxon hydrolysis was further addressed
using actively growing cultures of C. subellipsoidea that were heat
treated at 100 °C for 10 min followed by paraoxon addition and incubated for 48 h under light at room temperature. The amount of
paraoxon was directly measured spectrophotometrically. Heat treatment at 100 °C denatures the cellular proteins including most catalytic
enzymes while leaving the Photosystems intact, since it is more heat
stable and continues to function and produce ROS (Havaux, 1993).
Heat treatment increased paraoxon degradation after 24 h consistent
with an active Photosystem II (Fig. 3A). To ensure that these ﬁndings
were not reﬂective of a heat-stable catalytic enzyme (e.g., an endogenous phosphotriesterase), cultures were treated at 100 °C for
10 min and incubated in either the dark or light for 12 h and paraoxon
levels measured (Fig. 3D). The heat-treated samples in the dark that did
not have light-dependent contribution to Photosystem ll and were unable to degrade paraoxon. In contrast, samples that were heat-treated
and kept in the light degraded paraoxon. These ﬁndings suggested no
heat stable enzyme contributed to this activity and after heat-treatment,
hydrolysis was likely dependent on Photosystem ll and the production
of ROS in the presence of light. Noteworthy, is the observation that
after damaging photosystem ll by treatment in a 100 °C water bath the
cells degradation was increased due to improperly functioning photosystem ll producing increased ROS.

diazinon (both at 0.15 mg/ml, f.c.) were tested using comparable cultures of C. subellipsoidea and cell-free controls containing the compounds at the same concentrations (Fig. 2B and C). Both malathion and
diazinon were broken down through a cell-dependent process to essentially undetectable levels between days 4 and 6 in culture. Malathion and diazinon diﬀer in chemical composition and structure
around the chiral phosphate when compared to paraoxon (Fig. 1A). The
most drastic decrease was seen by malathion decreasing 10 mg/ml per
day while the least reactive was paraoxon decreasing approximately
1.6 mg/ml per day.
This study demonstrated that organophosphates with signiﬁcant
diﬀerences in structures are broken down in the presence of actively
growing C. subellipsoidea, these data did not support the hypothesis that
the hydrolysis of these organophosphate compounds was catalyzed by
an endogenous phosphotriesterase. This was especially evident considering that because paraoxon is a preferred substrate for an endogenous phosphotriesterase, there would be less enzymatic hydrolysis
as the degree of branching increases (Strobel et al., 2018). These data
were quite the opposite and showed that diazinon and malathion,
which are more branched than paraoxon, were degraded faster than
under the enzymatic model. It would be predicted that the active site
accommodates substrates with smaller side chains more quickly with
more speciﬁcity for paraoxon over these species.

3.5. Oxidation of Photosystem ll prevents organophosphate degradation
after heat denaturing
To explore these ﬁndings further, samples were prepared and heat4
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Fig. 3. Paraoxon degradation during
Photosystem ll inactivity. A. Degradation of
paraoxon in growing cultures of C. subellipsoidea by assaying p-nitrophenol production after 12 h as measured at 408 nm
(black bars) or in the presence of the photosynthesis inhibitor, DCMU (white bars).
Data shown are the mean of biological
replicates ± SD (n = 5). B. Degradation of
paraoxon in growing cultures of C. subellipsoidea containing 1.27 mg of paraoxon
in light (black bars) and dark (white bars)
conditions by assaying p-nitrophenol production at 408 nm. Test cultures were
wrapped in foil and placed in the dark 12 h
before the addition of paraoxon to prevent
residual eﬀects of light exposure. Data
shown are the mean of biological
replicates ± SD (n = 5). C. Degradation of
paraoxon in growing cultures of C. subellipsoidea measured at 280 nm in control
(black bars) or heat-treated (100 °C, 10 min,
white bars) cultures at 24 h and 48 h. Data
shown are a mean of biological
replicates ± SD (n = 5). D. Paraoxon present after C. subellipsoidea exposure after
boiling and dark exposure (black bar) or
dark (white bar) for 24 h. Data shown are
the mean of biological replicates ± SD
(n = 5).

to paraoxon hydrolysis, actively growing cultures of C. subellipsoidea
were treated with paraoxon, oligomycin (f.c., 20 μg/ml) and rotenone
(f.c., 20 μg/ml) and incubated in the dark for 48 h. Samples were taken
at 12 h, 24 h and 48 h, cells removed by centrifugation and the amount
of p-nitrophenol determined in the supernatants. Oligomycin and rotenone inactivate mitochondrial complexes 1 and 4, respectively and
thus eliminate ROS production. When Complexes 1 and 4 are blocked in
the dark, paraoxon is not hydrolyzed into p-nitrophenol (Fig. 4C). These
data demonstrated there was light independent hydrolysis of paraoxon,
which, in this case, uses ROS as a byproduct of respiration. While not
photocatalytic, these data demonstrated that ROS is essential for the
breakdown of paraoxon under catabolic conditions.
Organophosphate degradation under catabolic metabolism was demonstrated to be ROS dependent through manipulation of ROS production processes. Induction of mitochondrial ROS production through
low dose NAC supplementation in the absence of light resulted in both
an increase in ROS produced and an increase in p-nitrophenol production from paraoxon. When treated with an excess of NAC in dark
conditions, decreased ROS formation was observed coincident with
negligible p-nitrophenol production indicating that under catabolic
conditions ROS production is necessary for removal of organophosphate compounds. Our studies have also shown that when using in vitro
assays, superoxide, singlet oxygen, and hydroxyl radicals are capable of
hydrolyzing paraoxon as a representative organophosphate compound.
These ROS species are consistent with both photosystem ll activity as
well as mitochondrial oxidative phosphorylation.
This study demonstrated the photosynthetic algae C. subellipsoidea
hydrolyzes organophosphates through a ROS-dependent process. The
primary mechanism of hydrolysis under light conditions appears to be a
nucleophilic attack by singlet oxygen and hydroxyl radicals, produced
through photocatalytic activity of Photosystem ll. While the activity of
Photosystem ll in the presence of light was shown to be the primary
source producing ROS, ROS generated through mitochondrial oxidative
metabolism was suﬃcient to promote hydrolysis in the absence of light

treated as noted above and used directly (control, non-oxidized) or
allowed for oxidize for 12 h as noted by the loss of the green pigment.
Paraoxon was added and the samples kept in the light; the production
of p-nitrophenol monitored at 24 h and 48 h (Fig. 3C). These data
showed that paraoxon was rapidly degraded in the non-oxidized samples consistent with this being a light dependent reaction in the presence of a functional Photosystem ll. When cells are boiled and photosystems are allowed to oxidize until no green color is observed no
oxidation of p-nitrophenol is observed indicating photosystem ll is
needed in the absence of function catabolic metabolism These data
supported the conclusion that the hydrolysis of paraoxon in the presence of light was dependent on the ROS produced by Photosystem ll. It
was determined that under light condition, favoring anabolic metabolism, that functioning photosystem ll was needed to facilitate the degradation of organophosphates. This was made evident by the hindrance or lack of p-nitrophenol production in the absence of light when
treated with DCMU.
However, when live cells were placed in the absence of light a large
increase in degradation was observed evident of a secondary mechanism. Using a chemical approach to conﬁrm the role of ROS in the
hydrolysis of organophosphates, actively growing cultures of C. subellipsoidea were ﬁrst treated with DCMU and paraoxon in the light as
detailed above, which produced conditions that blocked hydrolysis
(Fig. 4A). Then N-acetylcysteine (NAC) was added (f.c. 20 μg/ml) as an
antioxidant, mitochondrial ROS production was stimulated resulting in
paraoxon hydrolysis, despite Photosystem II being inactivated (Fig. 4B)
When placed in the dark and treated with NAC limited p-nitrophenol
production was observed indicating the secondary mechanism is also
ROS mediated.
3.6. Mitochondrial ROS production catalyzes organophosphate degradation
independent of light reaction
To conﬁrm that mitochondrial ROS production can also contribute
5

Bioresource Technology Reports 11 (2020) 100461

T.J. Nicodemus, et al.

Table 1
Reactive Oxygen Species (ROS) production (Relative Fluorescent Units (RFU)
( ± SD), n = 5) under diﬀerent experimental conditions. A. ROS production
was assayed at 0, 5 h and 10 h by adding H2DFFDA to an actively growing
culture of C. subellipsoidea (f.c. 10 μM) alone (control) or in the presence of
DCMU+NAC or NAC as detailed in Materials and methods. B. ROS production
was assayed at 0, 5 h and 10 h by adding H2DFFDA to an actively growing
culture of C. subellipsoidea. (f.c. 10 μM) alone or following treatment with Rotenone (R) and Oligomycin (O) in the absence of light.
A
Time (h)

Control
NAC + DCMU
NAC

0

5

10

72.4 (2.4)
73.6 (1.7)
75.4 (2.1)

81.4 (2.1)
88.2 (1.6)
97.6 (1.7)

166.8 (8.5)
231.4 (10.2)
302.4 (10.9)

B
Time (h)

Control
R+O

0

5

10

72.4 (2.4)
71.8 (1.7)

121.0 (7.5)
99.6 (2.7)

707.2 (94.5)
474.4 (71.1)

necessary.
4. Conclusion
Excessive application of organophosphates from unsustainable
agricultural practices has resulted in an environmental impact with
devastating eﬀects on pollinators and aquatic life. This in conjunction
with oﬀ target human health concerns represents an immediate risk
health and sustainability. This work has demonstrated that actively
growing cultures of C. subellipsoidea are capable of degrading organophosphates in both anabolic and catabolic states. It has also been demonstrated that these processes occur without adding cost to bioproduct formation. Together these ﬁndings have established a celldependent mechanism that can be tailored towards remediating organophosphate pesticides from water in an eﬃcient and likely cost-effective manner.

Fig. 4. Paraoxon degradation through photo-independent ROS formation. A.
Degradation of paraoxon by assaying p-nitrophenol production in C. subellipsoidea heat-treated (100 °C, 10 min) (black bar) and allowed to oxidize 12 h
in the presence of light (white bar). Data shown are the mean of biological
replicates ± SD (n = 5). B. Production of p-nitrophenol as a proxy for paraoxon
degradation in control C. subellipsoidea cultures (black bars) or cultures treated
with DCMU and NAC (white bars) after 24 h; mean ± standard deviation. Data
shown are the mean of biological replicates ± SD (n = 5). C. Degradation of
paraoxon by assaying p-nitrophenol production in growing cultures of C. subellipsoidea exposed to dark conditions over a 48 h period (black bars) or in the
presence of 100 μg Oligomycin and 100 μg Rotenone; mean ± standard deviation. Data shown are the mean of biological replicates ± SD (n = 5).
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Due to the concentration and time dependent nature of treatments
eﬀecting ROS production, ROS levels (as Relative Fluorescence Units
(RFU)) were measured using H2DFFDA (Table 1). ROS production was
monitored in actively growing cultures of C. subellipsoidea in the presence of NAC and the PS ll inhibitor DCMU; NAC increased ROS production. By comparison, there was a decrease in ROS production at 10 h
by treating actively growing cultures of C. subellipsoidea with Rotenone
and Oligomycin in the absence of light. These results verify that the
treatments described above for the organophosphate degradation assays directly correlate ROS production with organophosphate degradation. These ﬁndings further support the conclusion that organophosphate hydrolysis is increased with the stimulation of ROS
production and consistent with the ﬁndings that ROS formation is
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